, that suppressed NHEJ but induced are depleted of TRF2, shortened telomeres become ascatastrophic deletions of telomeric DNA. The deletion sociated with DNA damage response factors (e.g., events were stochastic and occurred rapidly, generat-53BP1), forming cytological structures that are referred ing dramatically shortened telomeres that were acto as telomere dysfunction induced foci (TIFs) circles. In addition, we identify circular t-loop HR prod- ⌬B resulted in senescence in primary matids equally. While some telomeres appeared relatively unaffected, others were lost completely. Scoring fibroblasts, as indicated by growth arrest, morphological changes, a gradual drop in BrdU incorporation, exmetaphases from several independent infections indicated that TRF2 ⌬B expression results in an ‫-01ف‬fold pression of senescence-associated (SA-) ␤-galactosidase (Dimri et al., 1995) , and a pattern of p53, p16, p21, increase in the number of chromatids lacking detectable telomere signals in several human and mouse cell lines and pRB expression typical of senescent cells ( Figures  1A-1D ). TRF2
⌬B -expressing cells also developed 53BP1 (Supplemental Table S2 ). Although it is likely that signalfree ends still contain short stretches of telomeric DNA, foci, some of which colocalized with TRF1, a marker for telomeres ( Figure 1E ). Such sites of colocalization of the data showed that the telomere signal loss is stochastic and due to large deletions in individual telomeres. DNA damage factors and telomeres (TIFs) are indicative of dysfunctional telomeres. However, the TIFs were noMetaphase spreads harvested within a few days after introduction of TRF2 ⌬B also showed that telomere loss tably larger and less frequent than in cells expressing the dominant-negative allele of TRF2 (TRF2 (Figure 2A) . Inspection of denatured telomeric restriction fragments on alkaline gels inditelomeres, the remaining signals were very often diagonally positioned ( Figure 3B ). This finding suggested that cated that both the C-rich and the G-rich strands became shortened upon the expression of TRF2 ⌬B (Figure the telomere deletions might differentially affect telomeres generated by leading and lagging strand DNA 2B). While the loss of telomeric DNA involved the duplex part of the telomere, the G strand overhang signal did synthesis (referred to as leading strand and lagging strand telomeres). Chromosome orientation (CO)-FISH not diminish or even increased (Figure 2A and data not shown). This phenotype is clearly distinct from that of (Bailey et al., 1996) can be used to determine whether a sister telomere is generated by leading or lagging TRF2
⌬B⌬M or TRF2 gene deletion, which leads to a reduction of the G strand overhang signal but preservation of strand DNA synthesis (see Supplemental Figure S3A for ⌬B -expressing cells showed a strong leading/lagging strand expression; n ϭ 700 chromosomes for each group). In contrast, CO-FISH to detect the leading strand telosignal imbalance with far fewer leading strand telomere signals than expected. We conclude that TRF2 ⌬B expresmeres showed dramatic signal loss after TRF2
⌬B expression (Supplemental Figure S3C) . Metaphase chromosion results in a preferential deletion of leading strand telomeres after telomere replication. Since sister asymsomes often contained only one or no leading strand Figures 4A and 4C) . Expression of gene targeting, we found that this RAD51 paralog was circle arc extended from 3 to 20 kb ( Figure 5 ). By contrast, IMR90 cells with telomeres in the 6 to 10 kb range not required for the TRF2 ⌬B -induced deletions (Supplemental Table S1 ).
yielded circles with a maximal size of only 9 kb (data not shown). This size distribution of the circular DNAs A series of other genes involved in DNA repair (e.g., WRN helicase) and DNA damage signaling (e.g., ATM) is consistent with the sizes of t-loops gauged from EM analysis (Griffith et al., 1999) . The EM data indicate that were tested for their contribution to TRF2 ⌬B -induced deletions (Supplemental Table S1 ). Among these, the only t-loops have a broad size distribution in each individual cell line but that the mean t-loop size correlates with gene defect that abrogated TRF2 ⌬B -mediated deletions was a hypomorphic mutation in NBS1 (Figures 4D-4F) .
telomere lengths. Thus, the data are consistent with deletion of t-loop-sized segments from individual teloThe immortalized human NBS1-LB1 cell line lacks normal Nbs1 protein ( Figure 4E ) and also has a defect in meres. Due to the limitations of the resolution in the 2D gels, circular products derived from very short telomeres the nuclear localization of the other components of the Mre11 complex (Lee et al., 2003) . These cells showed (Ͻ3 kb) were not detectable as separated circle arcs. This prohibited the analysis of circular products in the strongly diminished or no telomere deletion upon expression of TRF2 nonhomologous end joining, it resembles an intermedi-HR contributes to stochastic shortening of human telomeres. ate in homologous recombination and could therefore be at risk of inappropriate processing by this recombination pathway. The data presented here show that HR is
Telomere NHEJ and T-Loop HR: Double Jeopardy at Chromosome Ends indeed a threat to human telomeres. Telomeres undergo homologous recombination in cells that express a trun-NHEJ of telomeres is a detrimental event that creates dicentric chromosomes and associated genome instacated form of the main protective factor at human telomeres, TRF2. Our data show that homologous recombibility. At functional telomeres, NHEJ is repressed by TRF2, presumably through formation of t-loops. How nation can delete large segments of telomeric DNA from individual telomeres, generating circular telomeric DNAs telomeres prevent HR and what the consequences are of this repair pathway at natural chromosome ends had of t-loop size presumed to represent detached t-loops. We refer to this process as t-loop HR to distinguish it not been established. Our data indicate that TRF2 also protects mammalian telomeres from potentially detrifrom homologous recombination between telomeres, a process that could lead to exchange of telomeric DNA mental deletions through t-loop HR.
T-loop HR is enhanced upon introduction of TRF2
⌬B , but will not lead to net deletion of telomeric DNA. Because telomeric circles are also generated spontanea truncation mutant of TRF2 that lacks the N-terminal basic domain. Unlike the dominant-negative allele of ously in a variety of human cells, we propose that t-loop 
TRF2, TRF2
⌬B localizes to telomeres, retains the ability TRF2 ⌬B⌬M or when the TRF2 gene is deleted from mouse cells, even when the NHEJ pathway is inactive (Smogorto protect telomeric overhangs from degradation, and blocks NHEJ. However, TRF2
⌬B induced stochastic hozewska et al., 2002; G. Celli and T.d.L., unpublished data). This suggests that the binding of TRF2 to telomologous recombination events at individual telomeres, resulting in deletions and t-loop-sized extrachromomeres is required for efficient t-loop HR. Likely functions for TRF2 in this regard are the formation of t-loops and somal circles. The simplest interpretation is that this process of t-loop HR is normally repressed by TRF2 recruitment of the Mre11 complex, which is implicated in t-loop HR. Both aspects of TRF2 function appear to be through a mechanism that involves its basic N-terminal domain. Thus, TRF2
⌬B appears to represent a dissociaunaffected by the deletion of the basic domain in TRF2 ⌬B . It is not known whether TRF2 affects the efficiency of tion of function mutant that represses NHEJ but unleashes HR when it displaces (part of) the endogenous other types of HR at telomeres (e.g., intertelomeric recombination events). A conserved role for duplex telo-TRF2 from telomeres. It is anticipated that the basic domain of TRF2 interacts with one or more other promere repeat binding proteins in repressing HR at telomeres is consistent with the finding that S. pombe can teins involved in regulation of HR, but the relevant interacting partners are not known at this stage. The ability maintain its telomeres through a presumed recombination-based mechanism only when Taz1 is also deleted of TRF2
⌬B to promote HR appears to be specific to telomeres, as levels of sister chromatid exchange (SCE) (Nakamura et al., 1998). Insight into the control of HR at mammalian telomeres were comparable between vector control and TRF2
⌬B -expressing cells (data not shown).
will be important for the understanding of telomere dynamics and may also reveal mechanisms by which HR T-loop HR is not observed upon the expression of et al., 2002) . that the C strands are cleaved. In order to generate extrachromosomal telomeric circles, a third step, cleavThe contribution of the Mre11 complex to mammalian HR has been more difficult to study, since loss of this age of the D loop, would be required. The size distribution of telomeric circles formed by this pathway should complex is not compatible with cell viability (Luo et al., 1999). Our results would suggest that Nbs1 and/or other reflect the size distribution of t-loops, consistent with the 2D gel data. The other product of the reaction is components of the Mre11 complex are required for t-loop HR, but, given the multiplicity of functions asthe shortened telomere. This telomere will have a 3Ј overhang and may be able to reform a t-loop, albeit a cribed to this complex (Haber, 1998) , further analysis is needed to establish the mechanism of its action in this smaller one. Depending on its length, the shortened telomere may be fully functional but could be a substrate context. The signaling activity of the Mre11 complex is unlikely to be required for t-loop HR, since the signalfor further t-loop HR, eventually leading to a critically shortened telomere that activates the DNA damage reing-deficient Nbs1 S343A mutation does not abrogate t-loop HR.
sponse. . These so-called TRD (telomere rapid deletion) could explain these observations. As cells progress through their replicative lifespan, t-loop HR could generevents have several features in common with the t-loop HR reported here. TRD is due to intratelomeric homoloate individual cells in which critical telomere shortening arises before general telomere erosion has taken its gous recombination. Physical mapping of deletions in molecularly marked telomeres suggested a model in effect in the bulk population. Thus, telomere-driven senescence would be due to a combination of t-loop HR which the deletions occur through a t-loop-like intermediate that is resolved by HR to yield the shortened teloand gradual erosion; early senescent cells would be more likely to suffer from the former; late senescent mere. The structure and fate of the deleted segment has remained unknown, in part because yeast TRD is cells would potentially suffer from both. The prediction of this proposal is that cells deficient for t-loop HR rare (Ͻ10 Ϫ3 /telomere/division), prohibiting molecular analysis of the immediate products.
Yeast Telomere Rapid Deletions Model for T-Loop HR
should still senesce but do so in a more synchronized fashion than wild-type fibroblasts, and early senescent While yeast TRD is enhanced in yKu70⌬ strains (Polotnianka et al., 1998), TRF2
⌬B -induced t-loop HR was not subclones should not be formed. enhanced in mouse cells lacking DNA-PK components or human cells treated with vanillin, a DNA-PKcs inhibiSpontaneous Telomeric Circles in ALT Cells tor (Supplemental Table S1 
